To demonstrate the possibility of using EBID masks for sub-10 nm pattern transfer into silicon, first experiments were carried out by using 20-40 nm EBID masks, that were etched by different chemistries. It is experimentally verified that recipes based on hydrogen bromide, chlorine and boron trichloride can selectively etch silicon when using 20-40 nm masks made by EBID. We observed an enhancement of the height ratio, i.e. the ratio of the height of structures before and after etching, up to a factor of 3.5 when using the chlorine chemistry. To demonstrate the pattern transfer of sub-10 nm structures, further experiments were carried out using 8-20 nm EBID masks in combination with hydrogen bromide, chlorine and fluorine chemistries. Fluorine chemistry provided the best results in terms of surface smoothness and height ratio. In this case, 7.4 nm lines were successfully transferred into silicon, resulting in 14.3 nm wide lines with a height ratio of approximately 5.
INTRODUCTION
Single nanometer structures, i.e. structures with dimensions smaller than 10 nm, are not easy to fabricate. Standard lithography techniques, such as resist-based electron beam lithography, do not routinely provide sub-10 nm resolution. Electron Beam Induced Deposition (EBID) is a high resolution direct write lithography technique, that is capable of writing single nanometer patterns. An electron beam is focused onto a sample in a Scanning Electron Microscope (SEM) and made to react with a precursor gas, let into the SEM through a nozzle positioned in proximity of the substrate. The gas molecules are dissociated into a volatile part, that is pumped out of the SEM, and a non-volatile part, that remains on the sample surface, forming a deposit. Typical precursors are W(CO) 6 and MeCpPtMe 3 , that lead to tungsten and platinum deposits, respectively. The high spatial resolution of EBID has been demonstrated by Van Dorp et al., who patterned dots of 1 nm diameter in a 200 kV Scanning Transmission Electron Microscope (STEM), using the W(CO) 6 precursor on a 30 nm thick Si 3 N 4 membrane [1] . Using an SEM, van Oven et al. patterned 2.9 nm FWHM lines on a silicon bulk substrate using the MeCpPtMe 3 precursor [2] . However, electron beam lithography techniques are serial writing techniques and therefore inherently slow. To enhance the writing speed, multi-beam systems can be used. Post et al. [3] demonstrated that the throughput of EBID can be enhanced by a factor of 196, when using a multi-beam scanning electron microscope (SEM) that delivers 14x14 beams to the sample surface, with the same characteristics as a state-of-the-art single beam SEM [4, 5] . But for large area manufacturing of single nanometer structures and devices it would be great when a fast and low-cost technique such as Nano Imprint Lithography (NIL) could be used. NIL is a non-conventional lithography technique with which nanostructures are fabricated through mechanical deformation of a soft polymer by pressing a mold (or stamp) in it, at a controlled temperature and pressure. NIL is a massively parallel lithography technique and therefore extremely suitable to pattern large areas. But, a big challenge of this technique is the fabrication of high-resolution stamps. In the case of UV-assisted NIL, also known as Step and Flesh Imprint Lithography (SFIL), the resist is cured with UV light, therefore transparent stamps are required. For thermal-NIL, the resist is cured thermally, hence the candidate material for molds can be silicon because of its hardness and high mechanical strength [6] . High resolution NIL stamps can be fabricated by depositing features on top of a substrate. Optical lithography is generally used for micro-scale features and Electron Beam Lithography (EBL) for patterning nano-scale features. These deposits form a mask for a subsequent anisotropic Reactive Ion Etch (RIE) into the underlying substrate, leading to the surface features required for NIL molds. Sub-15 nm nano imprint molds can be fabricated by using Electron Beam Lithography with hydrogen silsesquioxane (HSQ) resist by, either direct deposition of the features on top of the silicon substrate, or by transferring these deposits into the underling silicon substrate, to increase the aspect ratio of the patterns [7] . We propose to use EBID to fabricate stamps for sub-10 nm NIL. For SFIL direct deposition of a UV transparent material on a transparent substrate would be possible, but it requires a suitable precursor that leads to transparent deposits. Instead we first study the fabrication of masks made by EBID, and transfer the masks into the substrate underneath using plasma etching. The pattern transfer process of such small features in itself is quite a challenge. Notargiacomo et al. reported on the pattern transfer of ion and electron deposited Pt masks by using Reactive Ion Etching, where pattern transfer of lines with width down to 100 nm is obtained with fluorine chemistry [8] . The same chemistry was used by Heerkens et al., who demonstrated the pattern transfer into silicon of 20 nm lines wide lines deposited using EBID from a Platinum precursor. They achieved a selectivity of the Pt-EBID lines to silicon of approximately 6 [9] . The pattern transfer of EBID masks can be used for many applications, e.g. gold bowtie antennas with 10 nm gap spacing were fabricated on AFM tips [10] . Fleischer et al. presented a process for the fabrication of nano-cones by focused electron beam deposition of a local etch mask on a metallized non-planar surface, and argon ion etching. The smallest resulting cone had a diameter of 60 nm and height of 55 nm [11] . However, as far as we know, the pattern transfer of sub-20nm EBID structures has not been reported yet. In this work we present results of experiments that were carried out to gain experience towards etching with sub-10 nm EBID masks. As sub-10 nm structures deposited by EBID are also very shallow, with a typical aspect ratio of one, the pattern transfer into an underlying layer is a method by which the aspect ratio of the structure can be increased. High resolution EBID patterns were deposited onto a silicon substrate, serving as a mask for the subsequent etching process. Two sets of EBID masks, one with somewhat larger structures between 20 and 40 nm and one with structures between 8 and 20 nm, were fabricated using the platinum precursor MeCpPtMe 3 (methyl-tri-methyl-cyclo-pentadienyl Platinum) in an FEI Nova Nano 650 Dual Beam system. The masks consist of arrays of dots and sets of lines, with sizes in the range between 40 nm and 8 nm. We used different etching processes, based on hydrogen bromide, chlorine and fluorine chemistries, that are known to etch silicon.
EXPERIMENT
Basically two sets of experiments were performed. The first experiments were carried out to get some experience with pattern transfer into silicon using EBID structures as etching mask. Larger structures are preferred, because they are easier to find after the etching process. The second set of experiments then is carried out to demonstrate the pattern transfer into silicon of sub-10 nm EBID masks, with deposits of size down to 8 nm. The quality of the etching process is mostly determined by the directionality of the etching. Preferably the etch is anisotropic, very selective and results in smooth surfaces after etching. To determine the directionality of the etching is challenging as the resulting structures are really small. The change in width of the structures gives an indication of the directionality. Inspection of the masks, before and after etching, is done both in an FEI Nova Nano Lab 650 Scanning Electron Microscope (SEM) and in a Bruker Nanoscope V Atomic Force Microscope (AFM). The lateral dimension of the structures is manually measured in the SEM images, while the height is calculated from the AFM profile. The smoothness of the resulting surface after etching is an important factor with the goal in mind to fabricate single nanometer devices. To characterize the etching process usually the etch selectivity is determined, defined as the ratio of the etching rate of the substrate material to the etching rate of the mask material. Because of the dimensions of the structures, it is difficult to measure the selectivity of the tested etching processes. Hence, we chose to characterize the process by the height ratio, defined as the ratio between the height of the mask before etching and the height of the structure after etching. This parameter gives a hint to what the etching rates of the materials are. A large height ratio is preferred because it leads to higher aspect ratio structures. 
nm
The first set of 20-40 nm EBID masks was fabricated using the Platinum precursor MeCpPtMe 3 in an FEI Nova Nano Lab 650 Scanning Electron Microscope, using a 30 kV beam focused in a 40 pA spot, in High Resolution (HR) mode. We used silicon substrates partially covered by 60 nm of molybdenum. Because the total size of the EBID mask is only 4 μm, a search pattern is necessary to be able to retrieve the structures after pattern transfer. Hence, an array of 13x13 circular holes of approximately 10 μm diameter has been lithographically opened in the molybdenum layer using photoresist as a mask, leading to a visible structure that can be easily retrieved. Figure 1 shows the process flow for the sample fabrication. The sacrificial layer (photoresist) is deposited on top of the silicon substrate. By means of optical lithography, the array of circles is transferred into the photoresist (PR) layer. A molybdenum layer is deposited on the sample surface after which the resist is removed in a lift-off process. The EBID structures are then deposited inside one of these circles, directly on the silicon surface. The EBID masks, patterned with the Pt precursor, typically consist of carbon (85%) and Pt (15%). The first set of masks consists of four arrays of 5 by 5 dots, with a size in the sub-40 nm range. Figure 2 shows the SEM micrograph and the AFM image of one of the patterned EBID masks, whilst Table 1 shows the patterning parameters for each array of dots. Each dot is defined as a square, the size of which is determined by the number of pixels exposed by the electron beam and the pixel to pixel distance. Table 1 . EBID deposition parameters for the 20-40 nm masks.
Because the mask is shallow it is important that the chosen chemistry is very selective towards the EBID structures. The etching process used to transfer the EBID structures into the underlying silicon is carried out by Inductively Coupled Plasma (ICP) etching, performed in a PlasmaLab System 133 ICP380 at the Oxford Instruments Plasma Technology (OIPT) facility in the UK. Plasma based etching allows processes to be carried out at relatively low temperature by lowering the activation energy of the chemical etching reactions. Moreover, plasma etching allows a wide area to be processed, providing uniform etching and control over the direction of etching. Figure 3 shows the schematic of the ICP etching tool. By applying a combination of RIE power at the lower electrode and ICP power to the coils around the upper chamber, a better control over the ion density and the ion energy is provided. The wafer is mechanically clamped to the fluid-cooled lower electrode and helium is used as the sample backside cooling gas for better control over the wafer temperature. The backside cooling gas mixes with the etching gas in the chamber, but it has almost zero impact on the process, being light, hard to ionise and chemically inactive. The sample pieces were bonded to a carrier wafer to ensure good temperature control. A gas inlet leads the gas mixture into the chamber, that is at a controlled pressure and temperature [12] . These masks are etched using hydrogen bromide (HBr), chlorine (Cl 2 ) and boron trichloride (BCl 3 /Cl 2 ) chemistries, that are known to selectively etch silicon when using carbon-based masks. These etching processes are carried out by using both ICP and RIE power. HBr chemically reacts with silicon atoms on the surface, forming Si x Br, a compound with low volatility [12] . This characteristic makes HBr to be a highly anisotropic silicon etchant, in which Si x Br forms a sidewall protective layer. Chlorine is also known to etch silicon either in a pure form or as part of the gas mixture BCl 3 /Cl 2 [13] . When using either pure Cl 2 or BCl 3 /Cl 2 chemistry, silicon atoms bind to Cl 2 forming the volatile compound SiCl x , that can be pumped out of the system. Chlorine etching is strongly crystallographic, leading to an anisotropic etch profile [14] . Once the properties of each chemistry are determined, they can be further tested on even smaller EBID masks, to demonstrate the pattern transfer of sub-10 nm structures.
For that purpose the second set of 8-20 nm EBID masks was fabricated in the same setup as the first set of masks, with a 20 kV beam, focused in a 40 pA spot, but now in Ultra High Resolution (UHR) mode. In this case we used a different substrate than the molybdenum-silicon one. The reason for that is that the smoothness of the molybdenum layer makes focusing of the electron beam a difficult process. We decided to use the same search pattern, but instead of depositing a metal layer outside the array of circular holes, we plasma-etched the Silicon for a very short time using SF 6 and oxygen such that black silicon is formed at approximately 20 nm below the un-etched silicon surface. Figure 4 shows the process flow of the fabrication of the black silicon samples used for the fabrication of the 8-20 nm EBID masks. Table 2 shows the deposition parameters and the designed pixel size of each structure of the mask. In this case a single pass patterning mode is chosen, instead of a multi-pass strategy. The deposition occurs in the current limited regime in which there is an abundant supply of precursor molecules. Hence the resulting deposits will not be affected by the chosen writing strategy (single pass or multi-pass), as demonstrated by Hari et al. [15] . The multi-pass strategy is preferred because it is less sensitive to drift. Table 2 . EBID deposition parameters for the 6-20 nm masks.
Array of dots
The sample fabrication and subsequent inspection, that needs to be done before and after the etching, is a very time consuming process, hence the amount of samples available is limited. Therefore, the etching chemistries for the 8-20 nm masks have to be chosen carefully. The chemistries chosen are hydrogen bromide (HBr), chlorine (Cl 2 ) and fluorine (SF 6 /C 4 F 8 ), for reasons that will be discussed later. Chemical etching by fluorine is known to be isotropic, therefore it is necessary to add a component that provides anisotropic etching. We used an SF 6 plasma, that is known to etch silicon easily, and by adding C 4 F 8 a fluorocarbon film is deposited that protects the sidewalls of the etched structure and sustains the anisotropy of the etching process. However, the ratio between carbon and fluorine needs to be tuned carefully, because polymer deposition can occur when the F-to-C ratio is too small.
RESULTS AND DISCUSSION
Initial experiments were carried out on 20-40 nm etching masks to demonstrate the possibility of using EBID masks for nano-patterning into underlying silicon. In this case, HBr, Cl 2 and BCl 3 /Cl 2 chemistry were chosen because of their affinity to etch silicon better than carbon, i.e. the main element in the EBID deposit when using the Pt precursor. In case of HBr, helium, that is used as a sample backside cooling gas, is also pumped into the system,. A combination of ICP and RIE power is used (750 W and 100 W respectively), at a pressure of 10 mTorr and a temperature of 30 °C, for 1 minute. Figure 6a shows a SEM micrograph of the etched mask: as the EBID masks were completely etched the dots consist of silicon only, leading to a poor contrast in the secondary electron image. Figure 6b shows the same mask as in Figure 6a compared to the AFM 3D view, where the dots are more visible. The AFM height profile of the central horizontal row of dots, before and after etching, is shown in Figure 6c . We observe that this chemistry leads to a rough surface and provides a height ratio (after etching : before etching) of less than 2. The diameter of the dots remained constant, as observed from the SEM images. In this case, only the largest EBID dots could be retrieved after etching. By inserting a dummy silicon sample in the plasma chamber, next to that with the EBID masks, it is possible to measure the etch rate of silicon. The same can be done in case of silicon oxide. The etch rate of the silicon oxide is measured to be approximately 2 nm/min, while that of silicon is approximately 46 nm/min. We conclude that the etch rate of the native silicon oxide is comparable or maybe even higher than that of the EBID deposits, causing complete etching of the mask before reaching the silicon substrate. In case of pure chlorine chemistry, 50 sccm of Cl 2 is led into the chamber, together with backside helium, at 10 mTorr and 30 °C. When etching with Cl 2 for 1 minute, the surface of the sample became extremely granular, and the EBID dots too. The size of the dots, as estimated from the SEM images (Figure 7a ), increased from 40 nm to approximately 55 nm. As seen from the AFM profile ( Figure 7b ) the height ratio is approximately 3.5. Although this is an acceptable number, the granularity of the resulting mold will prevent the successful fabrication of single nanometer devices. Position [nm] 600 Figure 8a shows the result after etching with BCl 3 /Cl 2 chemistry for 1 minute. 50 sccm of Cl 2 and 20 sccm of BCl 3 are led into the chamber together with helium, at 10 mTorr and 30°C. In this case, the surface remained smooth, as shown in Figure 8a . However, some particles can be seen, close to the etched mask, as well as in other region of the samples. The reason for that has not been established yet, but we think this might be caused by dirt in the etching chamber. The height ratio is approximately 2.5 (Figure 8b) , while the diameter, as measured from the SEM image, increased from 40 nm to approximately 50 nm. Analyzing the results, we observe good results in terms of height ratio for the Cl 2 etching process. Although, the resulting presence of the granularity must be avoided. The granularity may have been caused by the black spots on the silicon surface observed before etching and visible in Figure 2 . They could be resist residues from the lift-off process and cause the sample surface to become granular after the Cl 2 process. This might also explain the roughness of the surface resulting after the HBr etching process. To prevent this, the substrates for the 8-20 nm EBID masks were carefully cleaned in an oxygen plasma before carrying out the etching step. We decided to repeat the hydrogen bromide and the chlorine recipes to verify whether the oxygen plasma cleaning improves the surface roughness. Because of the limited number of samples available, we decided to carry out a fluorine chemistry instead of BCl 3 /Cl 2 . Although known to be isotropic, fluorine etches silicon very fast and by adding other components, such as C 4 F 8 , a passivation wall can be formed, making the etch more anisotropic.
HBr, Cl 2 and SF 6 /C 4 F 8 chemistries are then tested for the pattern transfer of the 8-20 nm EBID masks. In case of the HBr chemistry, only the biggest set of lines is visible in both the SEM micrograph and the AFM image after the etching is performed. For these lines, of 17 nm width and 5 nm height, the EBID mask is preserved as it was thicker than the other deposits. In Figure 9a , the SEM micrograph shows the 17 nm lines with spacing of 100 nm, 50 nm and 20 nm. In figure  9b the integrated AFM profile of the 17 nm lines with 50 nm spacing shows that the height ratio is very low, approximately equal to 1/5. In this case, the etch rate of silicon is measured to be 50 nm/min and that of silicon oxide is 1.8 nm/min. Although the etching rates are comparable to those of the 20-40 nm mask experiments, the small height ratio might be caused by a thickening of the native silicon oxide layer during the plasma cleaning. If that is the case, the etch may remove the mask completely before breaking through the oxide layer, because of the slow etching rate of the silicon oxide. Further experiments were carried out to increase the etch rate of the silicon oxide by applying a higher bias voltage, however no improvements were observed. In case of the 17 nm lines at 50 nm spacing, the width decreased from 17 nm to 12 nm after etching, as estimated from the SEM images. The sample surface, however, is quite smooth and the roughness observed in the case of the 20-40 nm mask experiment did not occur. We therefore believe that the roughness caused by the HBr etching was caused by the photoresist residues on the silicon surface. In case of pure chlorine etching, when using the same recipe as for the 20-40 nm masks, the same granularity is observed, as shown in the SEM image of Figure 10a . All sets of lines were visible in both SEM and AFM graphs and the integrated AFM profile along the 8 nm lines at 50 nm spacing, depicted in Figure 10b , shows a height ratio of approximately 3.5. For these lines, the width increased from 8 nm to 12.5 nm. Note that some particles close to the EBID deposit are seen in figure 9a, but they were also found in regions of the sample that have not been exposed to the electron beam while fabricating the etching mask. Their origin has not been established yet, however we believe it can be caused by dirt in the etching chamber. Figure 11a . No granularity or roughness is encountered and the height ratio calculated from the integrated AFM line profile in figure 10b is approximately 5. The graph in figure 11b depicts the AFM integrated profile of the 8 nm lines at 50 nm spacing. The bump located in the fourth and fifth line corresponds to the presence of a particle accidentally deposited on top of these lines. For these lines the width increased from 7.4 nm to 14.3 nm approximately, as shown in Figure 12 . The contrast of the SEM micrograph in Figure 12b is extremely poor as the EBID mask has been completely removed during the etching process. The secondary electron image therefore only shows topographical contrast and no material contrast. This makes the measurement of the line width rather difficult. The sets of 17 nm lines emit more secondary electrons than the others, as shown in Figure 11a , meaning the EBID mask was thick enough to remain. Figure 13a shows the high resolution SEM micrograph of the 17 nm lines at 50 nm spacing after etching. The width of the lines is measured to be 9. be concluded from Figure 13b , that shows the integrated line profile of the secondary electron intensity emitted by the 17 nm set of lines with 50 nm spacing before and after etching. However, the AFM profile in Figure 13c reveals a broadening of the lines after etching, and a height ratio of about 8. This broadening, though, could be partly caused by the finite size of the AFM tip. Our conclusion is that it is not so obvious what a good criterion is for line width determination from SE-images. 
SUMMARY AND CONCLUSIONS
EBID is a direct write lithography technique, that can be used to pattern high resolution structures, with sizes in the sub-10 nm range. Pattern transfer into silicon using masks made by EBID is a method that can potentially be used to fabricate stamps for Nano Imprint Lithography as it provides an aspect ratio enhancement compared to the aspect ratio of the EBID masks. Initial experiments were carried out using 20-40 nm EBID masks, containing dots and lines, to demonstrate the possibility of using EBID masks for nano-patterning into underlying silicon. In this case, etching chemistries based on hydrogen bromide (HBr), chlorine (Cl 2 ) and boron trichloride (BCl 3 ) were chosen for their affinity in anisotropically etching silicon when using carbon-based masks. When etching with HBr chemistry, the EBID masks are transferred into underlying silicon with a height ratio, i.e. the ratio of the height of the structures before etching and after etching, of approximately 2, while the diameter of the dots remained constant. The roughness of the surface observed after the HBr etching might be caused by some residuals of photoresist, used for the fabrication of the samples. Chlorine etching leads b) a) c)
to a height ratio of approximately 3.5 and the size of the dots increased from 40 nm to 55 nm. However, in this case we observed a surface granularity, that was shown not to be caused by the photoresist residuals. BCl 3 mixed with pure chlorine provides a height ratio of approximately 2.5,while the size of the dots increased from 40 nm to 50 nm. When using this chemistry, no surface roughening occurs. Further experiments were carried out with even smaller EBID masks to demonstrate the pattern transfer of sub-10 nm structures. For this purpose, EBID masks consisting of lines with sizes varying from 17 nm to 8 nm were fabricated. In order to avoid the roughening and the granularity of the etched samples, the EBID masks were further cleaned in an oxygen plasma. This indeed led to smooth surfaces after HBr chemistry. The height ratio is now smaller than 1/5 probably because of the thickening of the native oxide layer as a result of the plasma cleaning. Because the etch rate of the silicon oxide using the hydrogen bromide chemistry is low compared to that of the EBID deposits, it is not possible to break through the oxide layer without removing the mask. In case of pure chlorine etching, the height ratio remained approximately 3.5, as in the case of the 20-40 nm masks, and the lines widened from 8 nm to 12.5 nm. However, the granularity can still be observed on the sample surface as well as on the lines themselves, meaning that this is an inherent effect of the Cl 2 etch. Very good results are obtained with the fluorine based etching, in terms of height ratio and surface smoothness. In case of the 8 nm lines, the height ratio is approximately 5 and the width increased from 7.4 nm to 14.3 nm. However, because the mask was completely removed during the etching, the lines are made of only silicon, causing a very poor contrast in the secondary electron image. The 17 nm EBID lines, being also thicker than the 8 nm lines, were not completely etched away and the resulting lines have a width that is measured to be 9.8 nm. In summary: we have demonstrated that the pattern transfer of 7.4 nm wide lines into silicon, using chlorine and fluorine chemistries, resulted in slightly broader lines of 14.3 nm width.
